Introduction deep in the pore, at the level of the N sites or deeper (Beck et al., 1999) . Indeed, all of the substituted cysteThe N-methyl-D-aspartate receptor (NMDAR), a representative of the family of ionotropic glutamate receptors ines in the extracellular vestibule that were accessible in the presence of glutamate, with a single exception, (GluRs), is critical to neuronal development and synaptic plasticity and has been implicated in acute and chronic were also accessible in the absence of glutamate. Still, while these results argue against an extracellular locacell death, including that associated with a variety of neurological disorders (Dingledine et al., 1999). In the tion for the gate, their interpretation is not unambiguous given that they are based on the use of high concentraabsence of glutamate, the ion channel associated with NMDAR is in the closed or nonconducting state.
Agonist tions of the membrane-permeable 2-aminoethyl MTS (MTSEA). binding ultimately leads to a conformational change in the protein that converts the ion channel to the open or
To address this paradox in terms of the location of the gate, we used SCAM in combination with channel conducting state and in some instances to the desensitized state. The ligand binding domain of GluRs, includblockers to study the functional architecture of the NMDAR channel's extracellular vestibule. We find that ing its crystal structure (Armstrong et al., 1998), as well as determinants of NMDAR desensitization (Krupp et the voltage drop and binding of blockers occurs mostly in the deep part of M3, near the narrow constriction, al., 1998; Villarroel et al., 1998), have been characterized. However, the location and molecular composition of the while preM1 and M4 contribute to more external or shallower parts of the vestibule. However, all three domains activation gate-the structure that occludes ion fluxes in the closed state-and structures that transfer agonist are involved in gating-related movements but do not constitute the activation gate. Rather, the pore walls binding to activation gate movement remain unknown. Defining these issues is critical because the therapeutic in the extracellular vestibule constrict during channel closure, and it is the associated narrowing of the waterpotential of many NMDAR channel blockers is related to gating (Parsons et al., 1998) . filled pore that underlies trapping block. The channel associated with the NMDAR, like all other ion channels, consists of a water-filled pore divided into Results intracellular and extracellular vestibules by a narrow
For our experiments, we coexpressed the NR1 and NR2C subunits since NR1-NR2C channels show no ap-assumed that the irreversible component reflected chemical modification of substituted cysteines. For the N sites (N593C in NR2C and N598C in NR1), we used MTSET as the reagent because of the complex modification kinetics of these channels by MTSEA (see Kuner et al., 1996) . For all other mutant channels, we used MTSEA since it produced a much stronger effect on current amplitudes than MTSET. For all cysteine-substituted channels, changes in current amplitudes with the MTS application were well fitted by a single exponential function. We used the time constant derived from these fits to estimate the apparent second-order rate constant for chemical modification in the presence of glutamate, k (Equation 2). Mean k values are shown in Figure 2B . Consistent with previous results (Beck et al., 1999), the rate constant for modification by MTSEA in glutamate varied greatly from about 65 M Ϫ1 s Ϫ1 for L544C to 1.2 ϫ 10 5 M Ϫ1 s Ϫ1 for N794C. Such variations in the rate of reactivity for charged MTS reagents may reflect differences in (1) the local electrostatic potential, (2) the degree of sulfhydryl group ionization of the substituted cysteine, and/or (3) the steric availability of the sulfhydryl group on the protein surface (Karlin and Akabas, 1998).
Modification rates of the N sites by MTSET were very The z␦ values for all cysteine-substituted channels tested are summarized in Figure 3C . The strongest voltage dependence with z␦ around 0.6-0.7 was observed for Modification Rate of Cysteine-Substituted NMDAR Channels in the Presence of Glutamate the N sites and the two deepest positions in M3, V626, and T630. Positions N632 and L633 in M3, and L544 in Figure 2A shows glutamate-activated currents recorded in Xenopus oocytes expressing cysteine-substituted preM1 showed progressively weaker voltage dependence. The reaction rates for all other positions were NMDAR channels. The application of MTS reagents (thick line) typically reduced current amplitudes (e.g., voltage independent.
The z␦ values are an estimate of the transmembrane F536C, T630C, and N794C in Figure 2A ), but in two instances, N598C (Figure 2A) Figure 5C ). T630 in M3. Still, these experiments were carried out using high concentrations of reagents (2 mM) for long periods
The slower modification rates in the absence of gluta- mate for positions within all three pore-forming regions ever, reaction rates in the presence of glutamate using a pulsive protocol, as in Figure 5A but with MTSEA applied suggest that with channel closure, they become less reactive, which we interpret as meaning they are less accessiduring the glutamate application, were indistinguishable from those derived using the continuous protocol in Figure  ble To understand the mechanism of trapping block in NMDAR channels, we studied whether exposed cysteines them (0.39 Ϯ 0.03, n ϭ 3). Thus, our estimation of the state dependence does not depend on the protocol used in the extracellular vestibule could be protected by such blockers. For these experiments, we used amantadine to derive the rate constant.
We also used the small sulfhydryl reagent Ag ϩ to probe (AM) since it has relatively fast blocking kinetics (Sobolevsky and Yelshansky, 2000), allowing us to use a pulsive accessibility of several positions located deep in the pore, including V626 and T630 in M3, as well as N594 in the protocol to monitor unmodified channels. In wild-type NR1-NR2C, the IC 50 for the block by AM at Ϫ60 mV was NR2C M2 loop (N594 is adjacent to the N site). For both V626 and T630, the reaction rates for Ag ϩ (200 nM) were 10.4 Ϯ 0.3 M (n ϭ 5). All mutant channels showed a comparable affinity except for those containing substituindistinguishable in the presence and absence of glutamate (diamonds, Figure 5C conditions we derived the rate constant k AM . Figure 6B ence of glutamate, AM protects positions both deep in the pore, around the N sites, as well as those located shows the ratio k/k AM .
The largest decrease in reactivity occurred for positions more externally. To identify where trapping occurs, we applied MTSEA, in the absence of glutamate, to channels V626 and T630, but even for these positions, the protecting effect of AM was relatively small, presumably reflecting that presumably contained a trapped blocking molecule ( Figures 6C and 6D (Figure 7) . Figure 7A illustrates the protocol we used to assay the modification rate in 9-AA. Here, MTS reagents were applied in the presence of 9-AA but in the absence of glutamate. Figure 7B compares the modification rate obtained in 9-AA, k 9-AA , to that obtained in glutamate, k. We used k as the reference since channels blocked by 9-AA are presumably locked in the open state. A greater than 10-fold decrease in the modification rate was observed for only four positions, N593, N598, V626, and T630. These same positions are also most strongly protected by AM, indicates that k/k 9-AA for N598C is Ͼ 57.
Discussion
elements forming the extracellular vestibule as contributed by the NR1 subunit remain water accessible in the closed The interpretation of our results is limited by the assumpstate. Indeed, positions deep in the transmembrane elections of the SCAM. Of particular concern is the assumption tric field-the N sites (N598 and N593) and V626 and T630 that the cysteine substitution itself does not alter signifiin M3-are accessible in the closed state to the largecantly the structure of the protein. This assumption, while sized MTS reagent, PTrEA, with a size-limiting diameter difficult to completely rule out, is supported by the findings of ‫8ف‬ Å (Figure 4) . Further, the access of Ag ϩ , which has that mutant channels were comparable to wild-type in a size comparable to that of Na ϩ , is unimpeded for V626 terms of current amplitudes and EC 50 for glutamate (data and T630 in the closed state ( Figure 5C ), supporting the not shown) and, except for the N site substitutions, open idea that no occlusion barrier for permeant ions exists channel block. We also assume that MTS reagents react between the extracellular solution and these positions. predominantly with exposed cysteines via the water interFinally, V626 and T630 do show state-dependent changes face. As our test reagent, we typically used MTSEA, which in the rate of modification for MTSEA, reacting about 210 can exist in a nonionized form. However, in complimentary and 510 times slower, respectively, in the absence rather experiments, we also used the permanently charged rethan in the presence of glutamate. This relative difference, agents Ag ϩ , MTSET, and PTrEA, and their outcome was however, is small compared to that in voltage-dependent consistent with those using MTSEA. , 1994; Chen et al., 1999) . In K ϩ channels, the tive explanation for trapping block is that with channel closure, the pore walls of the extracellular vestibule conactivation gate is located at the intracellular end of the channel and is separated from the tip of the P loop by a strict. In this constricting model ( Figures 8A and 8B) , the narrowing of the water-filled pore in the extracellular vestilarge cavity (see Yellen, 1998 
